An end-sealed thin stainless-steel pipe in which a high-speed steel compact was inserted was evacuated with a vacuum pump during heating at an elevated temperature using an atmosphere furnace. The sintering behavior of this low isostatic press sintering (LIPS) was examined in detail. The compact is subjected to isostatic compression stress through the deformation of stainless-steel owing to atmospheric pressure. As the gas pressure in the stainless-steel pipe is low (about 2 Â 10 À2 Pa), as the sintering temperature is high (1573 K), and as the holding time is long (4 h), densification and hardness of the LIPS compact are large (about H v 640). This is because the decomposition of FeO film formed on the surface of the as-received powder is vigorous at low gas pressure in the stainless-steel pipe and high LIPS temperature, the degree of powder contact increases because of a large plastic flow of powder particles owing to both the degradation of the strength of high-speed steel powder at a high temperature and the compression stress caused by atmospheric pressure, and Fe diffusion is encouraged by heating at high temperature for a long time. At an early stage of LIPS, pores of the center of the LIPS compact diffuse into the surface, resulting in the reduction of densification near the surface. However, by holding for a long time, the LIPS compact that has high densification from the surface to the center is obtained because of encouragement of Fe diffusion. Under optimum LIPS conditions, it is possible to obtain a homogeneous LIPS compact which has porosity and hardness levels equivalent to those of the HIP compact.
Introduction
Continuous-ceramic-fiber-reinforced metal is a metal matrix composite reinforced with high-strength continuous ceramic fiber. Aluminum and titanium have a low density. Therefore, many aluminum or titanium matrix composites have been developed as light materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, few studies have been conducted so far on the iron matrix composite because of its high melting point. We examined the processing of continuous ceramic fiber/iron alloy composites by powder metallurgy. It was found that the continuous ceramic fiber/iron alloy composite in which fibers are uniformly dispersed can be produced by choosing an appropriate combination of fiber diameter and the particle size of iron alloy powder, using a suitable fiber-dispersion method, and by hot isostatic pressing (HIP) or hot pressing (HP) at optimum temperature and pressure. 14, 15) However, an adequate degasification is required for a HIP capsule. In addition, HIP is inapplicable to the composite system that reaction gas generates during sintering. On the other hand, the number of degrees of composite shape variance is small in HP. The composite produced by HP is anisotropic with respect to mechanical properties. In HIP and HP, a large pressure generator and a high-pressure vessel or refractory mold are required for manufacturing a large product. In order to achieve low manufacturing costs, the CAP (Consolidation by Atmospheric Pressure) process has been developed. 16) In this process, the obtained compact containing small remnant pores (relative density: 95 to 99%) is then followed by hot working. In the CAP process, a sealed glass capsule is used. Therefore this process is unsuitable for the composite system that reaction gas generates during heating. Thus the CAP process is similar to HIP except for the low isostatic pressure (atmospheric pressure).
In order to solve the problems mentioned above, we examined a new sintering method in which an end-sealed thin metal pipe in which a green compact was inserted was evacuated with a vacuum pump during heating at an elevated temperature using an atmosphere furnace. The results revealed the following; (1) the compact is subjected to isostatic compression stress through the deformation of a thin metal pipe owing to atmospheric pressure at an elevated temperature, (2) sintering becomes feasible for the composite system that reaction gas generates during heating, and (3) the large pressure generator and high-pressure vessel are unnecessary for manufacturing a large product. This method is a combination of CAP process and vacuum sintering (VS). We refer to this method as ''low-isostatic-press sintering (LIPS)''. There have been few reports regarding LIPS. We examined the LIPS behavior of iron alloy powder to obtain the fundamental data on preparation of ceramic fiber/iron alloy composite by LIPS. In the present paper, the LIPS behavior of iron alloy powder is explained in detail.
Experimental Procedure
High-speed steel (HSS) powder (Mitsubishi Metal Co., Ltd.: MIREX; mean particle size: 13.4 mm; true density: 7.93 Mg/m 3 ) was used as iron alloy. Figure 1 shows a schematic view of an end-sealed thin metal pipe. A part of the stainlesssteel pipe was machined to the thickness of 0.5 mm, followed by TIG welding. HSS green compact prepared under the uniaxial die compaction pressure of 245 MPa was inserted into this stainless-steel pipe, followed by LIPS. Figure 2 shows a schematic diagram of LIPS. The stainless-steel pipe containing a green compact was evacuated with a vacuum pump during heating at an elevated temperature using an atmosphere furnace. Two types of vacuum pump, a rotary pump (RP) and a diffusion pump (DP), were used. The gas pressure in the stainless-steel pipe was continuously measured using a vacuum gauge during LIPS.
A stainless-steel mold in which HSS powders were packed was degassed at 823 K in vacuum and then sealed by TIG welding. The stainless-steel capsule was HIPed at 1273 K for 2 h under the pressure of 98 MPa (Kobe Steel Co., Ltd.: Dr. HIP). In vacuum sintering, HSS green compact prepared under the uniaxial die compaction pressure of 245 MPa was heated at 1523 K for 4 h without pressing in vacuum (with DP).
The microstructures of the cross section of the sintered compact were examined using a scanning electron microscope (SEM). The area fraction of a pore in the cross section of the sintered compact was measured using an image analyzer (Nireco Co., Ltd.: Luzex-FS). The Vickers hardness of the cross section of the sintered compact was measured along radial and axial directions.
In the present study, HSS powder produced by water atomization was used. Therefore, The powder may have an Fe oxide film on the surface. In order to examine the influence of the oxide film on LIPS behavior, X-ray photoelectron spectroscopy (XPS) analysis was carried out on both the as-received powder and the LIPS compact. Figure 3 shows the appearance of the stainless-steel pipe after LIPS (sintering at 1473 K for 4 h with DP). The compact is closely covered with stainless steel. This suggests that the compact is subjected to isostatic compression stress through the deformation of stainless steel owing to atmospheric pressure (0.1 MPa). Figure 4 shows secondary electron (SE) images of the center of the cross section in LIPS compacts. A white part is carbide, a black part is a pore. In the LIPS compact prepared by sintering at 1473 K for 4 h with RP, large pores appear as shown in Fig. 4(a) . When the sintering temperature is raised up to 1523 K, large pores disappear as shown in Fig. 4(b) . However micro-pore remains partially. In the LIPS compact prepared by sintering at 1473 K for 4 h with DP, a few micropores are observed although large pores disappear (Fig. 4(c) ). When the temperature is raised up to 1523 K, few micropores are observed as shown in Fig. 4(d) . These results suggest that densification of the LIPS compact depends upon evacuation method and sintering temperature. Figure 5 shows the relationships between the hardness at the center of the cross section in the sintered compact and sintering temperature. In the LIPS compact prepared by sintering at 1373 K with DP, the densification is very low, resulting in low hardness (H v 100). The hardness of the LIPS compact increases with sintering temperature. When sintering temperature exceeds 1498 K, the hardness increases abruptly once but increases slowly thereafter. Although the hardness change for the LIPS compact with RP is similar to that for the LIPS compact with DP, the hardness of the former is lower than that of the latter. In the VS compact, a large cavity was observed. This is because a large cavity existing in the green compact remains as no-sintered region in the sintered compact owing to VS without pressing. Therefore, the hardness of a large-cavity-free region is plotted in Fig. 5 . The hardness of this region is lower than that of the LIPS compact with DP. On the other hand, the hardness of the HIP compact is very high. Figure 6 shows the relationships between the area fraction of pores at the center of the cross section in the sintered compact and sintering temperature. In the LIPS compact with DP, the area fraction of pores decreases with increasing sintering temperature. However, it decreases slowly when sintering temperature exceeds 1523 K. Although the change in the area fraction of pores for the LIPS compact with RP is similar to that for the LIPS compact with DP, the area fraction of pores for the former is larger than that for the latter. The area fraction of pores of the large-cavity-free region in the VS compact is larger than that of the LIPS compact with DP. The HIP compact is found to be nearly full-density. Figure 7 shows the relationship between the area fraction of pores and the hardness at the center of the cross section in the sintered compact. The hardness increases with decreasing area fraction of pores, regardless of sintering method. This suggests that hardness depends largely on porosity rather than the matrix microstructure and carbide. Thus, under optimum LIPS conditions, it is possible to obtain a good sintered compact which has porosity and hardness levels equivalent to those of the HIP compact. Figure 8 shows an SE image of the center of the cross section in the LIPS compact prepared by sintering at 1523 K for 1 h with DP. As mentioned above, the LIPS compact in which the pores are entirely absent was achieved by sintering at 1523 K for 4 h with DP, resulting in high hardness (Figs. 4(c) and 5 ). In the holding time of 1 h, a few pores (black parts) appear as shown in Fig. 8 , resulting in low hardness. Generally, at the early stage of sintering, surface diffusion or evaporation-condensation is the most important process. Thereafter, grain boundary diffusion or volume diffusion is the governing factor. We can roughly estimate diffusion distance by
Results and Discussion
where x, D and t are the diffusion distance, diffusivity and holding time, respectively. From the value of D for Fe diffusion 17) and eq. (1), the Fe diffusion distance due to volume diffusion can be calculated to be about 8 mm in the case of sintering at 1523 K for 1 h and about 16 mm in the case of sintering at 1523 K for 4 h. Under the latter condition, the Fe diffusion distance suffices for densification because the mean particle size of HSS powder (13.4 mm) is smaller than that distance. The results in which the LIPS compact in which the pores are entirely absent was achieved by sintering at 1523 K for 4 h (Fig. 4(c) ), while the compact having a few pores was achieved by sintering at 1523 K for 1 h (Fig. 8) is explainable in terms of this diffusion behavior. In the case of sintering at 1473 K for 4 h, Fe diffusion distance becomes about 10 mm. This corresponds to that in the case of sintering at 1523 K for 2 h. The result in which the LIPS compact prepared by sintering at 1473 K for 4 h has a low hardness (Fig. 5 ) is thought to be due to a few remaining pores that results from insufficient Fe diffusion.
As shown in Fig. 6 , the effect of DP on densification is large as compared with that of RP. Figure 9 shows the XPS spectra of as-received HSS powder. It is found from the Fe spectrum of the surface that the surface of HSS powder consists of Fe oxide. In the XPS spectrum after etching for 40 s, a well-defined peak of metallic Fe appears in addition to the peak of Fe oxide. Also, the intensity of the peak of metallic Fe increases with depth from the surface. From  Fig. 9 , the thickness of Fe oxide seems to be several ten nm. Figure 10 shows the XPS spectrum of the center of the cross section in the LIPS compact prepared by sintering at 1523 K for 4 h with DP. In the Fe spectrum, the peak of Fe oxide is not evidently as compared with the defined peak of metallic Fe. This suggests that the decomposition of Fe oxide occurs during LIPS.
In LIPS and VS with DP, the gas pressure in the stainlesssteel pipe rose immediately after heating because of the evaporation of the binder used to form the green compact. Thereafter the gas pressure fell down to about 2 Â 10 À2 Pa with binder disappearance. The gas pressure rose also in the temperature range from 1073 to 1173 K because of the desorption of the free radical OH from the HSS powder surface. When the temperature exceeded 1473 K, a marked pressure rise and a large fluctuation in gas pressure appeared. This suggests that gas generation occurs during LIPS and VS.
According to the phase diagram, 18) FeO is a stable phase at temperatures higher than 843 K. Therefore, Fe oxide on the HSS powder surface is regarded as transformed into FeO at sintering temperature. The reaction between FeO and C in HSS powder (reaction I) is given by
where the symbol (s) indicates a solid state, the symbol (g) indicates a gas state. Since evacuation is continuously carried out during sintering, LIPS and VS are regarded as open system. When the reaction I progresses during LIPS and VS, the partial pressure of CO gas is given as
where P CO , ÁG I o , R and T are the partial pressure of CO gas, standard free energy for the reaction I, gas constant and sintering temperature, respectively. On the other hand, The reaction between Fe in HSS powder and O 2 gas in stainlesssteel pipe (reaction II) is given by
In an open system, when the reaction II progresses during LIPS and VS, the partial pressure of O 2 gas is given as
where P O 2 and ÁG II o are the partial pressure of O 2 gas, standard free energy for the reaction II, respectively. Figure 11 shows the relationships between partial pressure of gas (Each standard free energy was obtained by HSC chemistry 5 in Outokumpu Research) and sintering temperature. Reaction I occurs under the partial pressure lower than the curve with respect to P CO , while reaction II occurs under the partial pressure higher than the curve with respect to P O 2 . The gas pressure during LIPS and VS was about 2 Pa in the case of RP, about 2 Â 10 À2 Pa in the case of DP, respectively. It is noted from Fig. 11 that the reaction I is the governing factor at high sintering temperature in the case of both RP and DP. Evacuation with DP may promote reaction I as compared with that with RP. The result in which a remarked gas pressure rise and a large fluctuation in gas pressure appear at temperatures higher than 1473 K in the cases of LIPS and VS with DP is thought to be due to the generation of a large amount of CO gas with the reaction I. As the reaction I progresses, a cleaned surface of HSS powder is achieved by the decomposition of FeO film, resulting in high densification. Thus it is unnecessary to perform the usual pretreatment for reduction of oxide film on the iron powder in LIPS and VS with DP. Figure 12 shows a schematic illustration of the LIPS mechanism. A gray part is HSS powder. The outer black part is Fe oxide. At a relatively low sintering temperature (1473 K), the degree of powder contact is low because powder deformation occurs only slightly owing to the high strength of HSS powder. In the case of LIPS with RP, the decomposition of FeO film is not vigorous, resulting in low densification. On the other hand, the decomposition of FeO film is vigorous in the case of LIPS with DP, resulting in high densification. At a higher sintering temperature (1523 K), sinterability is promoted by the following behavior; (1) the decomposition of FeO film is vigorous, (2) the degree of powder contact increases because a large plastic flow of powder particles occurs owing to both the degradation of the strength of HSS powder and the compression stress caused by atmospheric pressure, and (3) Fe diffusion is encouraged. In VS without pressing, behavior (2) cannot occur though the behavior (1) and (3) can take place. This may result in the VS compact which has not only a large cavity but also lower hardness and higher porosity as compared with the LIPS compact. Thus, under optimum LIPS conditions, it is possible to obtain a good sintered compact which has porosity and hardness levels equivalent to those of the HIP compact. Figure 13 shows the hardness distribution of the cross section of the LIPS compact prepared by sintering at 1523 K with DP. In the hardness distribution along the radial direction ( Fig. 13(a) ), the hardness is constant (H v 460) from the surface to the center. In the case of LIPS for 4 h, the hardness of the center of the LIPS compact rises, while the hardness near the surface drops off. In the case of LIPS for 8 h, the hardness of the center of the LIPS compact is similar to that in the case of LIPS for 4 h, but the hardness near the surface is higher than that in the case of LIPS for 4 h. These results may be considered as follows:
(1) in the case of LIPS for 1 h, the sintering is regarded as the early stage of sintering, resulting in the existence of a few pores (Fig. 8 ) and relatively low hardness (H v 460).
(2) in the case of LIPS for 4 h, the densification of the center of the LIPS compact is accelerated by the stimulation of Fe diffusion (Fig. 4(d) ), resulting in high hardness (H v 550). According to the densification of the center of the LIPS compact, the pores diffuse into the surface. Therefore, many pores exist near the surface, resulting in the reduction of the hardness near the surface.
(3) in the case of LIPS for 8 h, because Fe diffusion further promoted, a high-densification region having high hardness (H v 550) spreads towards the surface and also the hardness near the surface rises. By holding for a larger period, it may be possible to obtain the LIPS compact that exhibits uniform hardness from the surface to the center.
In the hardness distribution along the axial direction ( Fig. 13(b) ), the hardness distribution is similar to that along the radial direction, except for the reduction of hardness near the surface of the LIPS compact prepared by holding for 1 h. By holding for a larger period, it may be possible to obtain the LIPS compact that exhibits uniform hardness along the axial direction.
As mentioned above, under optimum LIPS conditions, it may be possible to obtain a homogeneously sintered compact which has porosity and hardness levels equivalent to those of a HIP compact. This suggests that isostatic pressing due to atmospheric pressure contributes greatly to the production of a homogeneous LIPS compact.
Conclusion
An end-sealed thin stainless-steel pipe in which a highspeed steel green compact was inserted was evacuated with a vacuum pump during heating at an elevated temperature using an atmosphere furnace. From the results of this low isostatic press sintering (LIPS), the following conclusions were obtained.
(1) The green compact is subjected to isostatic compression stress through the deformation of stainless-steel owing to atmospheric pressure. (2) As the gas pressure in the stainless-steel pipe is low, as the sintering temperature is high, and as the holding time is long, densification and hardness of the LIPS compact are large. This is because the decomposition of FeO film formed on the surface of the as-received powder is vigorous at a lower gas pressure in the stainless-steel pipe and a higher sintering temperature, the degree of powder contact increases because of a large plastic flow of powder particles owing to both the degradation of the strength of high-speed steel powder at a high temperature and the compression stress caused by atmospheric pressure, and Fe diffusion is encouraged by heating at a high temperature for a long time. (3) At an early stage of LIPS, pores of the center of the LIPS compact diffuse into the surface, resulting in low densification near the surface. However, by holding for a long time, the LIPS compact that has high densification from the surface to the center is obtained because of encouragement of Fe diffusion. (4) Under optimum LIPS conditions, it is possible to obtain a homogeneous LIPS compact which has porosity and hardness levels equivalent to those of the HIP compact.
